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These values represent release r a t e s Experimental Procedures M a t e r i a l Preparation
Powder m e t a l l u r g y processing was used t o i n c o r p o r a t e nonradioactive elements t o represent those formed by transmutation processes. t h e consolidated products are shown i n Table 1 . Powders f o r t h e copper a l l o y , which represented Cu-0.15Zr w i t h compositional changes from one year o f i r r a d i a t i o n , were blended, mixed, sealed i n a vacuum-tight container, and h o t i s o s t a t i c a l l y pressed a t 138 MPa and 900°C f o r 2 h. The 6-mm t h i c k compress was de-canned, h o t -r o l l e d i n m u l t i p l e d i r e c t i o n s t o a f i n a l thickness o f 2.0 mm, and prepared i n t o 2.0 mm x 19.1 mm x 25.4 mm r e c t a n g u l a r specimens. Powders o f t h e tungsten a l l o y were blended, mixed, annealed i n a 95% argon-5% hydrogen m i x t u r e a t 300°C t o reduce oxides, pressed i n t o p e l l e t s , and h o t s i n t e r e d i n hydrogen a t 1500°C. The 10.4 mm diameter x 4.7 mm t h i c k p e l l e t s , as w e l l as t h e copper specimens, were ground t o a 600 g r i t f i n i s h .
The compositions o f T e s t i n g and Analyses
The t e s t procedure, described i n more d e t a i l elsewhere [2] , i n v o l v e d suspending a sample w i t h i n a 38-mm diameter tube o f h i g h p u r i t y q u a r t z t h a t was p o s i t i o n e d w i t h i n t h e c o i l o f an i n d u c t i o n furnace. E i t h e r a i r a t 2 standard l i t e r s per minute (SLM) o r steam a t 25 SLM was flowed upward p a s t t h e i n d u c t i v e l y heated specimen. Temperature c o n t r o l was achieved w i t h thermocouples and two-color i n f r a r e d pyrometers. The copper a l l o y was t e s t e d a t temperatures ranging from 400 t o 1200°C a t times o f g e n e r a l l y 1, 5, and 20 h. The tungsten a l l o y was t e s t e d a t temperatures from 600 t o 1200°C and d u r a t i o n s ranging from 1 t o 20 h. T e s t i n g was l i m i t e d t o a 20-h t e s t a t 600°C and a 1-h t e s t a t 1200°C due t o o x i d a t i o n r a t e s . V o l a t i l i z e d species were c o l l e c t e d on h i g h p u r i t y q u a r t z wool and on t h e w a l l s a t a cooler r e g i o n o f t h e vessel. H y d r o f l u o r i c a c i d was used t o r i n s e t h e i n n e r surfaces o f t h e vessel and d i s s o l v e t h e quartz wool t r a p . Products i n these s o l u t i o n s were then processed i n t o water s o l u b l e species using a p y r o s u l f a t e f u s i o n method and analyzed by atomic emission spectroscopy (AES) using an i n d u c t i v e coupled plasma (ICP).
were checked f o l l o w i n g exposures i n t h e r e s p e c t i v e environments.
The appearances and e x t e n t o f oxide formation Surfaces o f t h e copper specimens were 
V o l a t i l i t y r a t e s i n g/m2.h, were c a l c u l a t e d from AES/ICP measurements, i n i t i a l area o f t h e specimen, and t e s t duration.
Under c e r t a i n
Results
Copper a l l o y remained r e l a t i v e l y unoxidized a t temperatures <lOOO"C. The surfaces e x h i b i t e d some thermal e t c h i n g and minor amounts o f a reddish oxide, i.e., Cu20. i n alumina c r u c i b l e s melted and formed a porous w h i t i s h -g r e y oxide. Exposures i n a i r r e s u l t e d i n t h e formation o f b l a c k oxide, i n d i c a t i v e o f CuO, a t a l l temperatures. The oxide, which increased p r o g r e s s i v e l y w i t h t i m e and temperature, was s u s c e p t i b l e t o s p a l l i n g d u r i n g cool down. A 0.6 mm t h i c k oxide developed d u r i n g t h e 5-h exposure a t 1000°C. The 20-h exposure a t 1000°C r e s u l t e d i n p a r t i a l m e l t i n g , b u t a general r e t e n t i o n o f shape. M e l t i n g would n o t be expected based upon t h e 1083°C m e l t i n g p o i n t o f copper and l i m i t e d r e d u c t i o n i n l i q u i d u s temperature t o 1066°C due t o oxygen. It may r e s u l t from a h i g h l o c a l i z e d z i n c concentration which would have a f a i r l y s t r o n g i n f l u e n c e upon t h e m e l t i n g temperature. a i r melted i n t o b u t t o n s which formed a f a i r l y t h i c k dark oxide. Table 2 f o r each environment. These c a l c u l a t i o n s , based upon t h e o r i g i n a l surface area and 1-h exposures, represent worst cases and are proposed a t t h e c u r r e n t t i m e f o r use i n accident assessment scenarios. Copper and n i c k e l had t h e same v o l a t i l i z a t i o n r a t e s i n a i r as i n steam. The r a t e s f o r these elements were a l s o somewhat p r o p o r t i o n a l t o t h e i r concentrations i n t h e a l l o y . Some o f t h e minor elements, c o b a l t , manganese, and i r o n , appeared t o show higher v o l a t i l i t y i n steam, b u t magnesium and aluminum appeared t o show t h e opposite trend.
from t h e copper a l l o y e x h i b i t e d considerable s c a t t e r . Except f o r z i n c , these measurements lacked o r d e r i n g w i t h respect t o exposure t i m e and showed l i t t l e temperature dependence. Maximum v o l a t i l i t y r a t e s f o r each c o n s t i t u e n t , w i t h o u t regard t o exposure t i m e o r temperature, a r e t h e r e f o r e presented i n

Specimens o f t h e copper a l l o y exposed i n steam Samples i n steam t h a t were heated t o 1200°C Samples t e s t e d a t 1200°C i n V o l a t i l i t y measurements f o r many o f t h e elements
Zirconium was n o t found a t l e v e l s CH2820-9/89/0000-0670$01 . OO Table 3 . increased with temperature and included a marked increase upon melting at 1200°C as shown in Figure 1 . alloy at this highest temperature was approximately seven percent.
Zinc showed higher
The rates in both environments progressively
The fraction of zinc released from this
Tungsten alloy
The inductively heated tungsten alloy pellets exposed to flowing air formed a black, voluminous, adherent oxide (see Figure 2 ) . Oxide scales formed perpendicular to surfaces due to isotropic growth at 600 and 800°C as shown by cross sections in Figures 2(a) and 2(b) . Essentially direct access to the environment remained at the corners of the specimen. The growth of a similar oxide at 1000°C was even more pronounced, Figure 2 
Discussion
The volatilization studies on the copper alloy have shown that zinc is a primary actor. This element is not intentionally added as an alloying element; the 2 wt.% in the copper alloy studied is the amount which is expected to be generated by one year of irradiation. Furthermore, this element is very significant from the radiological safety standpoint [SI. Although present in small concentrations, this Reference [3] 800°C 1000°C 1200°C
1 . 6 E-3 9.6 E-3 3.5 E-2
9.9 E-3 ( 5 h ) 3.0 E-3 (20 h ) 9.3 E-3 (10 h ) element showed some o f t h e h i g h e s t releases, p a r t i c u l a r l y a t 800°C and above, and most n o t a b l y upon a l l o y m e l t i n g . The r e l e a s e was a l s o h i g h e r i n steam than i n a i r a t a l l b u t t h e h i g h e s t temperature. Specimen area i s 3.5 x Based upon d e t e c t a b i l i t y l i m i t and one-hour exposure time.
The h i g h vapor pressure o f m e t a l l i c z i n c , i . e . , approximately 20 Pa near i t s m e l t i n g p o i n t o f 42OoC, and h i g h e r l o s s e s i n steam than i n a i r suggest t h a t t h i s element i s being vaporized i n t h i s form. Also, t h e o x i d e scale, which developed i n a i r , appears t o r e t a r d t h e v o l a t i l i z a t i o n
weight, 6 g.
The o x i d a t i o n o f the tungsten a l l o y showed some s i m i l a r i t i e s and some d i f f e r e n c e s from previous r e s u l t s . Expenditure r a t e s o f t h e tungsten showed good agreement w i t h t h e work o f Ong [3] (see Table 4 ) .
Other r e p o r t s [6, 7] o f t h e o x i d a t i o n process describe a p a r a l i n e a r behavior between 400 and l l O O°C , and 700 and 1000°C, r e s p e c t i v e l y . Mrowec and Werber [7] make reference t o a two layered scale, an i n n e r compact l a y e r p l u s an o u t e r porous p o r t i o n . Rates are described as i n i t i a l l y p a r a b o l i c f o l l o w e d by a t r a n s i t i o n t o a mixed o r a l i n e a r r a t e .
i n d i c a t e a t r a n s i t i o n t o s i g n i f i c a n t WO3 evaporation above 1000°C [7] and 1100°C [6]. t h a t t h i s phase can reach an evaporation r a t e e q u i v a l e n t t o i t s r a t e o f formation. Oxidation r a t e s i n t h e c u r r e n t study d i d n o t show a t r a n s i t i o n from t h e cubic r a t e , even w i t h c o n s i d e r a t i o n o f decreasing surface area. An onset o f s i g n i f i c a n 14 mg/cm2.h was e x t r a c t e d from t h e i r data, which addressed temperatures from 1 00 t o 2500°C and low oxygen pressure, 2.8 x 10-3 Pa. T h i s r a t e , which i s lower than t h a t from t h e c u r r e n t study, might be expected due t o the much lower oxygen pressure. v o l a t i l i t y i s undoubtedly complex and i n f l u e n c e d by f l o w r a t e , oxygen p a r t i a l pressures, and temperature g r a d i e n t s created i n t h e oxide scale by i n t e r n a l h e a t i n g and e x t e r n a l c o o l i n g . V o l a t i l i t i e s from t h e c u r r e n t experiment are l i k e l y lower due t o c o o l e r e x t e r n a l surface oxide temperatures compared t o values obtained under thermal e q u i l i b r i u m c o n d i t i o n s . The c u r r e n t t e s t c o n d i t i o n s are, however, l i k e l y representations o f r a d i o a c t i v e decay h e a t i n g r e s u l t i n g d u r i n g p o t e n t i a l accidents.
V o l a t i l i z a t i o n measurements f o r t h e v a r i o u s elements from t h e tungsten a l l o y (Table 5) i n d i c a t e t h a t rhenium and tungsten are t h e primary elements released. Rhenium, although present a t o n l y one percent, showed r a t h e r s u b s t a n t i a l releases a t and above 800°C. These releases increased f a i r l y s y s t e m a t i c a l l y w i t h regard t o time and temperature. i s expected t h a t osmium would have shown a s i m i l a r p a t t e r n o f release. somewhat u n i f o r m a t temperatures through 1000°C and 
